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Abstract
We have found a quantitative connection between the evolution of the inho-
mogeneous nanoscale electronic gaps (INSEG) state detected in Bi2Sr2CaCu2O8+δ
by scanning tunneling microscopy/spectroscopy (STM/S) and the two uni-
versal, the upper and the lower, pseudogaps in high-temperature cuprate
superconductors (HTCS). When the doping and temperature dependent IN-
SEG map were analyzed by using our proposed hole-scale, we find that the
two pseudogaps are connected to two specific coverages of the CuO2 plane
by INSEG: the 50% and 100% coverages of the CuO2 planes by INSEG cor-
respond to the upper and lower pseudogaps, respectively. This quantitative
connection to the two pseudogaps indicates that the origin of the measured
pseudogap energies and temperatures are intimately related to the geomet-
rical coverage of the CuO2 planes by the INSEG state. We find that INSEG
and superconductivity coexist in the underdoped to the overdoped regimes.
We suggest that pseudogap states are microscopically inhomogeneous and
100% coverage of the CuO2 planes by the INSEG is a necessary condition for
the high-Tc superconductivity.
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1. Introduction
One of the long-standing puzzles of the hole-doped high-temperature
cuprate superconductors (HTCS) is the existence of the ubiquitous pseu-
dogap state that precedes the superconducting state [1–5]. The pseudogap
state, a partial suppression of the spectral density, generally are detected as
either a pseudogap temperature (T ∗) or a pseudogap energy (E∗). The initial
reported T ∗ or E∗ differed in details from material to material at, presum-
ably, the same doping level and, sometimes, it is not even consistent with
each other in the same material at the same doping level if determined by
different experimental probes. We also showed that, using our proposed uni-
versal Ppl-scale [6] of the planar doped-hole concentration Ppl, all measured
T ∗’s and E∗’s of hole-doped HTCS fell on either of the two, the upper or the
lower, pseudogap lines that are independent of the number of CuO2 layers
in the cuprate material systems [6]. Therefore the two universal pseudogaps
are purely two-dimensional (2D) properties of HTCS [6–8]. Furthermore,
a unified electronic phase diagram (UEPD) was constructed in which there
are four characteristic temperatures (energies) for hole-doped HTCS with
an optimal superconducting transition temperature Tmaxc of ∼90 K, such as
Bi2Sr2CaCu2O8+δ, YBa2Cu3O6+δ, and HgBa2CuO4+δ [10].
In Fig. 1, we plot the pseudogaps determined by various measurements of
purely oxygen-doped Bi2Sr2CaCu2O8+δ together with a schematic sketch of
the two universal pseudogaps and hump energy identified in the UEPD [11].
Three very distinct features can be clearly seen in Fig. 1: (i) there are three
characteristic temperatures (energies): the lower pseudogap T ∗lp (E
∗
lp), the
upper pseudogap T ∗up (E
∗
up) and the hump T
∗
hump (E
∗
hump) in the underdoped
to the slightly overdoped regimes; (ii) all three characteristic temperatures
(energies) merge together with superconducting transition temperature Tc
(superconducting gap energy ∆c), at the slightly overdoped level; (iii) T
∗ and
E∗ are connected by 2E∗/kBT
∗ = 7 ± 1 [10], where kB is the Boltzmann’s
constant. Therefore all three characteristic temperature-scales and the three
characteristic energy-scales measured by vast different experimental probes
are connected by the relationship iii) and share the common electronic phase
diagram, namely, UEPD.
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Scanning tunneling microscopy/spectroscopy (STM/S) had made a unique
contribution to the study of HTCS through the direct observation of the
inhomogeneous nanoscale electronic gaps (INSEG) in the superconducting
states [12]. A recent STM/S study pushed this electronically heterogeneous
picture well into the pseudogap state by showing that nanoscale local gaps
persist at a temperature well above Tc [13]. It is shown that in the optimal
to overdoped regimes the local INSEG appear (vanish) at a temperature Tp
upon cooling (warming) where Tp and the INSEG energy (∆g) are universally
connected by 2∆g/kBTp = 7.9 ± 0.5 [13]. In the underdoped regime, the sit-
uation is more complicated: two gap-like structures, the pseudogap and the
pairing gap [13, 14], are observed and, therefore the simple relation between
local-gap vanishing temperature and gap size, namely, 2∆g/kBTp = 7.9 ±
0.5 could not be clearly pinned down. Temperature dependent STM mea-
surements showed that the CuO2 plane is gradually covered by the INSEG
with decreasing temperature [13]. Although INSEG state are considered to
be related to the pseudogap and subjected to intense studies in the past
decade how the temperature and doping dependence of INSEG is related to
the pseudogap states were largely unexplored.
In this report we compare the temperature and the doping dependence
of INSEG of purely oxygen-doped Bi2Sr2CaCu2O8+δ against UEPD [10]. We
show that in the purely oxygen-doped Bi2Sr2CaCu2O8+δ that the upper and
lower pseudogaps are quantitatively connected to the specific coverage of the
CuO2 planes by INSEG. By comparing with the UEPD reported in Ref. [10]
we argue that the specific coverage of the CuO2 plane by INSEG, observed
in Bi2Sr2CaCu2O8+δ, is a universal feature for HTCS.
2. Analysis
In analyzing STM data of Bi2Sr2CaCu2O8+δ, we selected the single crystal
data with Tc reported in the publications. In general we use two criteria to
extract Ppl: as the first and the most reliable method, Ppl is determined from
the value of thermoelectric power at 290 K (S290) by using Ppl-scale [6, 10].
As the second method, Ppl is determined from the value of Tc by comparing
it with a universal asymmetrical half-dome-shaped Tc-curve shown in Fig. 5
in Ref. [10]. We always selected the paper that reported the value of S290
and used the data with the value of Tc when S
290 is not available. In this
STM analysis, we could not find the data with S290. So, we adopted the
second criteria. For some YBa2Cu3O6+δ, the value of Ppl was estimated from
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the double plateau Tc-curve of Fig. 2(a) of Ref. [15]. For HgBa2CuO4+δ,
the value of Ppl was estimated from a relation of Tc versus Ppl based on Tc
versus S290 extracted from Ref. [16].
3. Results and discussion
To compare the temperature and doping evolution of INSEG, upon cool-
ing or warming, with the pseudogaps in Bi2Sr2CaCu2O8+δ we define the
temperatures corresponding to 0%, 50% and 100% coverage of the CuO2
planes by INSEG as T0%, T50% and T100%, respectively. Similarly for CuO2
planes that are completely covered by the INSEG we define the energies cor-
responding to 0%, 50% and 100% coverage of the CuO2 planes by INSEG
as E0%, E50% and E100%, respectively. Both T0% and T100% are determined
from the experimentally observed distribution curve by Gomes et al. [13].
For all STM data we analyzed, we confirmed that INSEG distributions are
Gaussian suggesting that the gap distribution is driven by randomness. The
value of squared multiple correlation coefficient adjusted for the degrees of
freedom was always over 0.97, except of some Gaussian fittings of 0.9 ∼ 0.95.
In Fig. 2(a), we plot the red curve as the probability P (E) of finding a
nanoscale gap at energy E and the green curve as the probability P (> E)
to find a nanoscale gap that is larger than E of a typical INSEG map. The
percentage of the area covered by the gaps larger than E out of the total
gapped area is calculated by integrating P (E) from E [meV] to ∞ [meV]
(0 ≤ E < ∞). The intersection of green curve with P (> E) = 0%, 50%
and 100% are corresponding to E0%, E50% and E100%, respectively. While
theoretically E0% and E100% should correspond to E =∞ and 0, respectively
both E0% and E100% we plotted are read directly from the gap distribution
observed in Bi2Sr2CaCu2O8+δ by two groups [13, 17]. Therefore they do not
correspond to the theoretical end points of the Gaussian distribution.
In Fig. 2(b), we plot the temperatures T0%, T50% and T100%, as a func-
tion of Ppl, determined from the temperature dependence of gap distribution
reported by Gomes et al. [13]. It is clearly seen that T100% and T50% corre-
spond to T ∗lp and T
∗
up, respectively. At the slightly overdoped regime, T
∗
hump
is associated with the onset temperature, the T0%, of the INSEG. In Fig.
2(c) with an error band defined by 2E∗/kBT
∗ = 7 ± 1, we plot the ener-
gies, E0%, E50% and E100%, extracted from the gap distribution measured at
100 K, 90 K, 80 K and 60 K by two groups [13, 17]. Note that in order to
extract the corresponding energies for 0%, 50% and 100% coverage of the
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CuO2 planes, we have to use the gap map that has completely covered the
CuO2 planes since in order to determine 50% coverage, we first need to know
the 100% coverage. Therefore, all the subsequent gap distribution data we
analyzed are collected below T100% = T
∗
lp. It is clearly seen that, from the
underdoped regime to the slightly overdoped regime, E100% and E50% corre-
spond to E∗lp and E
∗
up, respectively. At the slightly overdoped regime, E0%
lies on E∗hump. Here is one of the most important conclusions of this paper,
namely, in Bi2Sr2CaCu2O8+δ, we found that the temperature and doping
dependent coverage of CuO2 planes by INSEG is intrinsically connected to
the electronic phase diagram shown in Fig. 1 where 50% and 100% coverages
correspond to upper and lower pseudogaps, respectively. Since the upper and
lower pseudogaps are pure 2D properties [6], the quantitative connection be-
tween the INSEG state coverage to both pseudogap states over wide doping
ranges strongly suggests that the INSEG state is also a 2D property.
In Fig. 3(a), we plot the expectation value, i.e. the peak value (EGP ), of
the fitted Gaussian distribution versus the peak value (Epeak) read directly
from the gap distribution observed in Bi2Sr2CaCu2O8+δ by various groups
[13, 17–22] for T < T100% = T
∗
lp. It can be clearly seen that when we treat the
gap distribution of whole INSEG map as a single Gaussian distribution, the
EGP closely traces the Epeak. This validates, to the zeroth order, our choice
of using a single Gaussian distribution to analyze INSEG maps.
In Fig. 3(b), we plot the E50% versus Epeak observed in Bi2Sr2CaCu2O8+δ
for T < T100% = T
∗
lp, respectively [13, 17–22]. E50% is almost the same as
the Epeak and, therefore, EGP . Accordingly, the Epeak and EGP are also
corresponding to the upper pseudogap energy observed in the UEPD. Since
the upper pseudogap temperature is observed by the dc resistivity, as shown
in Fig. 1(a), which is a typical bulk probe, the present result of Epeak =
E50% = EGP implies that the three energies Epeak, EGP and E50% share
the identical physical meaning of the expectation value measured by the
experimental probes.
In the Ppl-scale the optimal doped-hole concentration P
opt
pl depends on
the individual HTCS material [10]. However when using the reduced tem-
perature T/Tmaxc (the reduced energy 2E/7kBT
max
c ) and the reduced hole-
concentration pu ≡ Ppl/P
opt
pl various HTCS can be easily compared with
each other in spite of the variations in P optpl and T
max
c . Using pu and T/T
max
c
(2E/7kBT
max
c ), for HTCS with T
max
c ∼ 90 K, such as YBa2Cu3O6+δ, HgBa2CuO4+δ
and Bi2Sr2CaCu2O8+δ, various characteristic temperatures (energies) can be
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unified into a UEPD shown as the three lines with shaded area in Fig. 4
[10]. This UEPD was constructed based on the analysis of the experimental
data measured by fifteen different macroscopic and microscopic experimental
probes [10]. Within these fifteen probes, five were surface-sensitive probes
and ten were bulk probes. Therefore, UEPD represents a true intrinsic elec-
tronic phase diagram for HTCS with Tmaxc ∼ 90 K. We re-plot T0%, T50%
and T100% in Fig. 2(b) and E0%, E50% and E100% in Fig. 2(c) into the Fig.
4(a). We confirm again that both the 50% and 100% coverage of CuO2
planes are consistent with the intrinsic, universal upper and lower pseudo-
gaps, respectively and the hump energy is corresponding to the onset (E0%)
of the INSEG. In Fig. 4(b), we also include the most recent experimen-
tal results performed on YBa2Cu3O6+δ [23–27], HgBa2CuO4+δ [28–30], and
Bi2Sr2CaCu2O8+δ [31]. We can see that: (1) the polarized elastic neutron
scattering experiments suggesting a novel translational-symmetry-preserving
magnetic transition falls on T ∗up, (2) the Nernst effect measurements indicat-
ing a breaking of the 90◦-rotational (C4v) symmetry occurs at T
∗
up and (3) the
Kerr-effect measurements signaling a time-reversal symmetry breaking cor-
responds to T ∗lp. These experimental observations of very subtle changes of
physical properties by different probes in different materials that universally
fall on either the upper or the lower pseudogap reconfirm the two-pseudogap
scenario reported in Ref. [6]. This further validates the UEPD reported in
Ref. [10]. The novel connection between pseudogaps and nanogap distribu-
tion is a natural consequence of plotting the published experimental results
by using the quantitatively correct and accurate Ppl-scale. Based on this
inhomogeneous nanogap distribution picture and its quantitative connection
to the bulk pseudogap, it is interesting to point out that these “phase transi-
tions” are highly unusual that (1) and (2) appeared right at a 50% coverage
and (3) occurred when 100% of the CuO2 planes are covered by the nanogaps.
How does a phase transition emerge from such an inhomogeneous background
at the specific nanogap coverage require further studies.
In Fig. 4(b), we also include the most recent results observed in the
optimally-doped Bi2Sr2CaCu2O8+δ of angle-resolved photoemission spectroscopy
(ARPES) by using a new quantitative approach based on the temperature
dependence of partial density of states at Fermi surface [32]. The observed
pseudogap temperature (T ∗) and pair formation temperature (Tpair) lie on
the hump and the upper pseudogap energy, respectively. Especially, their T ∗
is the temperature when energy gap first appeared. This is exactly equal to
our conclusion that hump energy is the onset of INSEG state, namely, the
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pseudogap they observed at T ∗ is the onset of INSEG.
To understand why various probes can detect the pseudogap of either the
50% or 100% coverage of CuO2 planes by INSEG, we point out that the rela-
tionship between E∗ and T ∗, 2E∗/kBT
∗ = 7 ± 1, revealed in the UEPD plot,
and that between ∆g and Tp, 2∆g/kBTp = 7.9 ± 0.5 reported in Ref. [13],
are surprisingly similar. The difference between the two relations is within
the error band of the original construction of the UEPD. The UEPD was
constructed by the data collected from many experimental techniques which
probe an area with a length-scale that is much larger than the characteristic
length-scale, ∼ 10−9 m, of INSEG. This strongly suggests that the pseudo-
gaps revealed in UEPD are the expectation value of the gap map sampled
in the characteristic length-scale of the experimental probe. Indeed, it is
intriguing to see that the gap map identified in the STM/S can be natu-
rally related to the “bulk” pseudogap measured by various bulk probes: E∗up
(T ∗up) and E
∗
lp (T
∗
lp) are the gap energies (temperatures) when one half and
the entire CuO2 plane are covered by the INSEG, respectively. The former
is detected by the downward deviation from the linear temperature depen-
dence of in-plane dc resistivity on cooling at the high temperature [1], and
Nernst effect [27, 30]. The latter are properties that are detected by various
bulk and surface-sensitive probes [10]. It is interesting to note that the 50%
coverage corresponds to 2D bond-percolation limit of a square lattice [33],
which clearly indicates the in-plane conductivity change is due to percolation.
Therefore, we conclude that the upper and lower pseudogaps detected by dif-
ferent experimental probes must also be related to, besides the characteristic
length-scale, the energy-scale of the experimental probes. In this context,
the pseudogaps in the UEPD are the spatially “averaged” response of the
gap map measured by the individual experimental probe. Depending on the
characteristic energy-scale and length-scale of the experimental probes: some
of the probes are sensitive enough to pick up the incipient inhomogeneous
nanoscale electronic state, some probes pick up the bond-percolation when
completed and the others measure the bulk property when the CuO2 planes
are completely covered by INSEG.
There are two mutually exclusive scenarios regarding the connection be-
tween INSEG coverage and the pseudogaps: one is that the connection be-
tween 50% (100%) coverage to the upper (lower) pseudogap is only a surface
manifestation of a intrinsically bulk pseudogap, therefore, the nanoscale in-
homogeneity is just a surface state that is distinct from bulk. The other is
that it is an intrinsic property of the CuO2 plane that the INSEG is not con-
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fined to the surface but also exists throughout the bulk. To resolve these two
conflicting view it is important to point out the fact that both pseudogap and
the INSEG are pure 2D properties. Indeed recent studies showed that the
in-plane charge ordering observed by surface and bulk probes are the same
in the purely oxygen-doped Bi2Sr2CaCu2O8+δ [34]. Similar observations that
electronic structure observed by STM exists in the bulk are also reported in
the La-doped Bi2Sr2CuO6+δ [35] and the Dy-doped Bi2Sr2CaCu2O8+δ [34].
These are clear indications that the electronic structure observed by STM
on the surface also exists in the bulk. On the other hand we are not aware
of any bulk transition that induces the surface coverage properties as we
have observed here. It is very difficult to envision that the connection be-
tween the specific coverage of CuO2 planes and the two pseudogaps over such
wide doping range is only a surface property. In fact, similar characteristics
and similar nanoscale inhomogeneity were observed in very different HTCS
[36, 37] that we expect, if the gap map data sets are available in the liter-
ature, then the gap map would lead to the same coverage as we observed.
Furthermore, the present quantitative connection between the INSEG ob-
served in Bi2Sr2CaCu2O8+δ to the UEPD suggests that the INSEG state is
a universal property for hole-doped HTCS with Tmaxc ∼ 90 K. In light of the
aforementioned observations and the further connection between the 100%
and 50% coverage of CuO2 planes by INSEG to the lower and the upper
pseudogaps, respectively, we argue that the specific coverage of the CuO2
planes by INSEG should be at least intrinsic to Bi2Sr2CaCu2O8+δ and, more
likely, to be generic to HTCS with Tmaxc ∼ 90 K.
High-Tc superconductivity at around 100% gap coverage for optimally
and overdoped HTCS as can be clearly seen in Fig. 5 in Ref. [13]. However
superconductivity in the underdoped regime, as seen in Fig. 2, appears at
an even lower temperature after the CuO2 planes are completely covered
by the INSEG. Therefore, combing all the above observations and for the
entire doping range, we conclude that 100% coverage of the CuO2 planes
by the INSEG is a necessary condition for generating the high-Tc super-
conductivity in cuprate superconductors. We emphasize that our conclusion
is fundamentally different from other two-energy-scale scenarios where the
pseudogap or charge order is competing against superconductivity. In con-
trast, we proposed that the 100% coverage of the CuO2 planes by the INSEG
is a necessary condition for the high-Tc superconductivity, and the high-Tc
superconductivity is “realized”on a texture of a globally coupled INSEG of
the lower pseudogap state.
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4. Conclusions
The topographic coverage interpretation of the pseudogaps provides a mi-
croscopic inhomogeneous electronic picture for the origin of the pseudogap
and superconductivity. Based on this picture, the pseudogaps, an observable
due to the averaged response of the topographic coverage at 50% or 100%
in the gap map detected by a specific experimental probe, loses its conven-
tional meaning of a “gap”. It is in this context that the gap is “pseudo”,
and accordingly, all properties measured on HTCS should be addressed with
the characteristic length-scale and energy-scale of the experimental probes,
and the underlying INSEG state in mind [38]. Indeed, the photon-energy-
dependence of the ARPES spectra were only recently observed [39], when
laser-based ARPES had achieved an unprecedented high-resolution, indicat-
ing that the probe energy should be as low as possible in addressing the low
energy quasiparticle states. While our results link the specific INSEG cover-
age of CuO2 planes to the two pseudogaps, the origin of and how the high-Tc
superconductivity emerges from such a robust INSEG state remain to be a
challenging problem of the mechanism for HTCS.
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bols are data measured for Tc < T < T100% = T
∗
lp. The plotted data are from Refs.
[13, 17–22].
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Figure 4: (a) UEPD with all characteristic temperatures and energies of the INSEG state
in Bi2Sr2CaCu2O8+δ. We use the same convention of symbols as that in Figs. 2(b) and
2(c). (b) UEPD with the recent data from Refs. [23–32] published after the publication
of Ref. [10] in 2008. The Tc-curve for YBa2Cu3O6+δ is from Ref. [15]. The Tc-curve for
HgBa2CuO4+δ is obtained by analyzing the data from Ref. [16] using Ppl-scale.
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